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Hysteretic  Loss  vs.  Filament  Width  in  Thin 
YBCO  Films  Near  the  Penetration  Field 

M.  D.  Sumption,  E.  Lee,  Coleman  B.  Cobb,  Paul  N.  Barnes,  Timothy  J.  Haugan,  Justin  Tolliver,  Charles  E.  Oberly, 

and  E.  W.  Collings 


Abstract — Magnetization  vs.  applied  field  measurements 
(M-H  loops)  were  taken  on  YBCO  thin  films  with  filaments 
patterned  into  them.  The  YBCO  was  deposited  onto  LaA103 
substrates  using  PLD,  and  the  filaments  were  formed  by  laser 
ablation.  M-H  loops  were  taken  at  4.2  K  in  fields  up  to  ±9  T 
using  a  vibrating  sample  magnetometer  technique,  the  field 
applied  perpendicular  to  the  film  width,  d .  The  losses  were  seen 
to  be  greatly  reduced  by  filament  width  reductions  following  the 
standard  expression  Qh/Hm  oc  dJc/ 10.  The  penetration  field 
was  also  well  described  by  the  standard  “high  field”  expression 
Hp  =  (0AJct)  In (d/t  +  1),  where  t  is  the  film  thickness.  The 
regimes  of  applicability  of  the  loss  expression  were  investigated, 
in  particular  near  iTm  «  Hp.  A  more  general  form  of  the  loss 
equation  was  obtained  and  compared  with  the  high-field  approx¬ 
imation.  The  result  was  that  although  Qh  /  7Tm  still  increased  in 
proportion  to  d ,  the  rate  of  increase  decreased  as  7Tm  approached 
Hp . 

Index  Terms — AC  loss,  hysteretic  loss,  penetration  field,  YBCO. 


I.  Introduction 

AC  loss  in  HTSC  strand,  and  YBCO  coated  conductor  in 
particular,  is  a  topic  of  considerable  interest.  YBCO  thin 
films  have  considerable  promise  for  AC  applications  [1]— [3]. 
While  the  geometries  of  present  day  coated  conductors  are  per¬ 
haps  appropriate  for  DC  application  [3]-[6],  one  of  the  limita¬ 
tions  to  its  use  will  be  the  difficulty  in  obtaining  low  loss  strand 
designs  [1],  [2],  [7].  In  the  context  of  applied  external  fields, 
one  of  the  dominant  factors  in  the  loss  is  the  hysteretic  compo¬ 
nent,  Qh,  generated  by  the  fact  that  the  conductor  is  relatively 
wide.  The  closest  approximation  to  the  multifilamentary  treat¬ 
ment  common  in  low  temperature  superconductors  is  the  tech¬ 
nique  of  filamentarization  by  cutting  or  forming  grooves  in  the 
YBCO  layer.  We  will  refer  to  this  as  striation. 

Some  properties  of  the  AC  loss  of  striated  samples  have  been 
published  previously  [8],  [9].  However,  one  of  the  areas  that 
needed  closer  scrutiny  was  the  validity  of  the  proportionality  of 
Qh  to  d  for  relatively  thin  conductors,  in  moderate  fields.  This 
work  focuses  on  this  question,  in  the  regime  of  1  to  2  T,  which 
is  a  regime  of  practical  interest  for  motors  and  generators. 
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II.  Experimental 

A.  Sample  Fabrication 

YBCO  was  deposited  onto  single-crystal  LaAlOg  (LAO)  sub¬ 
strates  by  pulsed  laser  deposition  as  described  elsewhere  [10], 
[11].  The  LAO  substrates  measured  3.2  mm  x  12  mm  and  the 
deposited  YBCO  films  varied  in  thickness  from  0.25  pm  to 
0.33  pm.  A  YAG  laser  was  used  to  ablate  the  film  at  room  tem¬ 
perature  and  atmospheric  pressure  to  create  the  striations  in  the 
YBCO  films.  The  actual  ablations  were  performed  by  Mound 
Laser  &  Photonics  Center,  Inc.  [12].  The  beam  energy  was  re¬ 
duced  to  mitigate  the  thermal  effects  on  the  YBCO  film,  and 
a  steady  flow  of  argon  gas  aided  in  the  removal  of  the  ablated 
materials.  Samples  were  created  with  average  filament  widths 
of  82  ^m,  254  ^m,  and  492  pm.  The  cuts  between  filaments, 
where  the  YBCO  was  ablated,  ranged  in  width  from  49  pm  to 
82  pm  on  each  of  the  samples.  The  striated  samples,  as  well  as 
a  control  (nonstriated)  sample,  were  taken  from  a  single  batch 
of  processed  samples.  A  separate  unstriated  sample,  TJ309,  was 
also  fabricated. 

B.  Measurements 

All  measurements  were  made  with  a  vibrating  sample 
magnetometer  (VSM)  technique.  Two  different  machines  were 
used,  a  low  field,  1 .7  T  machine,  and  a  high  field,  9  T  machine. 
Both  used  PAR  EG&G  M4500  instrumentation  and  were 
computer  controlled.  The  1.7  T  system  used  a  small  varitemp 
helium  dewar  with  a  tail  inserted  into  a  water-cooled  magnet. 
Samples  were  measured  in  transverse  fields  using  ramp  rates 
of  up  to  700  Oe/s.  The  large  VSM  was  mounted  on  an  Oxford 
dewar  which  had  an  associated  varitemp  cryostat.  Ramp  rates 
similar  to  the  1.7  T  machine  were  available,  and  the  field  sweep 
was  a  bipolar  ±9  T.  M-H  loops  were  measured  at  4.2  K.  All 
magnetization  measurements  were  taken  at  fixed  field  sweep 
amplitudes,  Hm ,  with  the  applied  field  parallel  to  the  c-axis 
(perpendicular  to  the  sample  face).  The  field  profile  for  the 
magnetization  measurements  in  this  work  was  triangular. 

III.  Results 

The  M-H  loop  for  sample  TJ309  is  shown  in  Fig.  1.  The 
loop  height,  AM,  is  strong  out  to  9  T,  showing  that  the  sample 
has  respectable  in-field  properties,  thus  meriting  further  anal¬ 
ysis.  Separate  studies  have  confirmed  the  Tc  and  M-H  proper¬ 
ties  of  these  tapes  at  higher  temperatures  [8].  M-H  loops  for 
the  striated  sample  set  are  shown  in  Fig.  2.  Here  we  see  the  gen¬ 
erally  expected  effect;  hysteretic  losses  are  significantly  lower 
for  striated  samples.  An  earlier  study  on  these  samples  showed 
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Fig.  1.  M-H  loop  at  9  T  and  4.2  K  for  sample  TJ309. 


Fig.  2.  M -H  loops  for  striated  sample  set  at  4.2  K. 
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Fig.  3.  Loop  height,  AM  vs  d  for  the  striated  sample  set  at  4.2  K. 


that,  for  fixed  Hm ,  Qh/Hm  (and  hence  AM)  was  linearly  pro¬ 
portional  to  d  [8],  as  expected  based  on  Bean  theory,  following 
for  example  Carr’s  [12]  expression  for  specific  loss  per  cycle 

Qh  _  Jed  ... 

H^~~M 

valid  for  Hm  Hp ,  the  penetration  field.  Under  this  condi¬ 

tion  the  field  lines  are  relatively  perpendicular  to  the  wide  face 
of  the  sample,  and  expectation  of  linearity  is  relatively  straight¬ 
forward.  However,  at  lower  fields,  the  field  lines  become  quite 
distorted,  and  it  is  not  intuitively  obvious  that  this  would  be  true. 
Indeed,  for  these  types  of  very  thin  samples  the  penetration  field 
is  proportional  to  the  thickness,  t,  since  the  field  first  penetrates 
along  the  t-axis.  It  is  of  interest,  then  to  see  the  proportionality 
of  AM  to  d  in  this  lower  field  range. 

We  present  the  data  of  Fig.  2  in  the  format  AM  vs  filament 
width,  d ,  in  Fig.  3.  Here  we  can  see  the  results  for  various  fields. 
In  all  cases,  the  ^-dependence  is  linear.  In  order  to  understand 
this  more  fully,  we  can  look  more  closely  at  the  theoretical 
expectation. 


Fig.  4.  M -H  loop  at  4.2  K  for  sample  TJ309  showing  the  penetration  field, 
Hp  “  1.5  kOe. 

Here  Jc  is  the  critical  current  density,  d  is  the  strand  or  filament 
width,  and  t  is  the  thickness.  The  units  are  cgs-practical  (A,  cm, 
Oe). 

We  can  use  this  expression  to  calculate  the  penetration  field 
for  our  samples.  Taking,  e.g.,  the  unstriated  sample  we  get  a 
AM  of  about  4  x  105  emu/cm3  at  field  penetration,  leading  to 
a  critical  current  density  of  about  2.5  xlO7  A/cm2  (at  4.2  K). 
Using  this  number,  in  conjunction  with  d  =  0.32  cm  and  t  = 
0.25  /jb m,  we  find  that  Hp  =  2.6  kOe,  which  is  in  reasonable 
agreement  with  the  experimental  result,  Fig.  4,  given  the  ap¬ 
proximations  involved.  However,  it  is  clear  that  the  condition 
Hjn  Hp  is  not  fulfilled  where  we  have  taken  AM.  Never¬ 
theless,  by  comparing  [13,  Eq.  19  and  21],  we  were  able  to  see 
that  under  this  condition  (1)  was  roughly  applicable  but  with  a 
prefactor  that  varied  rapidly  with  This  brings  up  the 

general  applicability  of  the  typical  loss  expressions. 


IV.  Calculation 


B.  Hysteresic  Losses 


A.  Penetration  Field 


From  Carr  [12],  the  penetration  field  for  these  conductors 
(where  d  t)  is 


Hn 


0AJct 


Ln 


(2) 


The  Carr  expression,  (1)  is  valid  only  for  Hm  Hp.  For 
much  smaller  values  of  Hm  / Hp  we  would  like  to  know  whether 
Qh/Hm  is  still  directly  proportional  to  d ,  and  if  so  its  rate  of 
increase  with  d.  Muller’ s  expressions  for  hy steretic  power  loss 
[13],  [14]  provided  us  with  a  point  of  entry.  After  converting 
Muller’s  expressions  from  power  to  loss/cycle  we  find  after 
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Fig.  5.  N  vs  Hm/ Hd  for  large  Hm/ Hd.  Fig,  7,  The  full  form  of  N  compared  to  the  approximation  of  (6). 


Fig.  8.  Normalized  Qh/ Hm  as  a  function  of  dimensionless  width. 


Fig.  6.  N  vs  Hn)/ Hd  for  small  #m/ Hd. 


making  some  other  appropriate  modifications  the  following  ex¬ 
pression  for  hysteretic  loss  in  the  relatively  small  Hm  regime: 


Qh  _  AT^C^ 

H^~  To- 


(3) 


where 


N  = 


(4) 


Here  Hc  1  is  assumed  to  be  zero,  g(Hm/Hp )  is  given  by 


9 


( 


Hrn\ 

Hd) 


Hd 

Hm 


\2Hdj 
— — Ln 

fcosh^) 

—  tanh  — ^ 

IT  ' 

_  ‘  ‘  IT) 

l  Hd) 

Hd  _ 

(5) 


about  2  and  10.  For  use  in  this  regime  we  combine  (4)  and  (5) 
into  the  following  approximation  for  N  for  use  in  (3): 


N 


Hrn  \ 

Hd) 


2Ln2 


(6) 


This  expression  is  plotted  in  Fig.  7,  along  with  the  full  form  of 
(4).  The  agreement  is  fairly  good  above  Hm/Hd  =  3. 

In  general,  looking  at  (3)-(6),  we  can  see  that,  except  for  the 
smallest  Hm/Hd  ratios,  Qh/Hm  oc  d,  but  with  a  prefactor  that 
varies  with  Hm/Hd.  In  normalized  format  we  have  plotted  the 
variation  of  Qh/Hm  (proportional  to  AM  in  the  Bean  approx¬ 
imation)  with  d  in  Fig.  8  for  comparison  with  the  experimental 
results  of  Fig.  3.  The  results  of  theory  and  experiment  together 
indicate  that  Qh/ Hm  is  indeed  proportional  to  d ,  but  that  its  rate 
of  increase  is  a  function  of  Hm/Hd ,  and  hence  Hm/Hp. 


and  Hd  is  defined  as  0AJct  (in  this  particular  case  about  an 
order  of  magnitude  smaller  than  Hp).  In  the  low  Hm  limit,  N 
0  as  H leading  to  a  Qh  oc  H ^  (as  compared  to  the  H ^  of  the 
usual  situation).  In  the  high-i7m  limit,  N  — »  1,  leading  to  a 
recovery  of  (1).  TV  is  displayed  in  Figs.  5  and  6  for  two  ranges 
of  Hm/Hd.  Our  practical  region  of  interest  is  not  the  very  high 
and  very  low  extremes  but  rather  the  Hm/Hd  range  between 


V.  Summary  and  Conclusions 

We  have  investigated  the  variation  of  Qh  with  d  for  various 
striated  thin  YBCO  films.  We  find  that  even  outside  the  range 
of  the  simple  Bean  approximation  ( Hm/Hp  1)  Qh/Hm  still 
increases  in  proportional  to  d ,  but  more  slowly  depending  on  the 
value  of  a  loss-prefactor  N.  Furthermore  we  have  computed  the 
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dependence  of  N  on  the  quantity  (Hm/Hd)  within  a  practical 
range  of  interest. 
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